A short overview on Optical Phase locking techniques and a detailed description of the Phase Locking technique based on Sub-Carriers modulation is presented. Furthermore, a novel Single Side Sub-Carrierbased Optical Phase Locked Loop (SS-SC-OPLL), with off the shelf optical components, is also presented and experimentally demonstrated. Our new method, based on continuous wave semiconductor lasers and optical single side sub-carrier modulation using QPSK LiNbO 3 modulator, allows a practical implementation with better performance with respect to the previously proposed OPLL circuits, and permits an easy use in real time WDM signal coherent demodulation.
Introduction
Optical Phase Locking techniques for coherent detection, received great attention at the beginning of the 90s in order to increase the receiver sensitivity, but they never found practical applications, firstly because of their complexity, secondly due to the introduction of EDFAs, that greatly leveraged sensitivity issues. In the near future, anyway, coherent detection may come again of age in some of the following scenarios: Multilevel optical phase modulation (N-PSK), dispersion compensation in the electrical domain, ultra-dense WDM, fast reconfigurable optical networks, optical sensors, microwave photonics, etc.
In this paper we present a short overview on Optical Phase locking techniques in section 2, a focused analysis on Sub-Carrier Optical Phase Locked Loop technique (SC-OPLL) in section 3, and a novel Single Side Sub-Carrier-based Optical Phase Locked Loop (SS-SC-OPLL) in section 4. In section 5 we show the experimental results obtained with both techniques, the SC-OPLL and the novel SS-SC-OPLL, and in section 6 the discussion on the experimental results follows. Finally, in section 7 the conclusion.
Phase-locking techniques
The fundamental Optical Phase Locked Loop (OPLL) configuration is shown in Fig. 1 . The proposed architecture is based on three basic elements: the phase detector, the loop filter and the optical voltage controlled oscillator (OVCO).
The phase detector combines the optical received (RX) and the local oscillator (LO) signals and it returns the electrical signal proportional to the phase error.
Many phase detector types were presented in the past and determined the OPLL architecture. Note that Fig. 1 represents also the homodyne receiver fundamental configuration block scheme. In this case the phase detector output is proportional to the phase error and the detected data signals. A first OPLL classification can be made separating linear and non-linear OPLLs. In a linear OPLL useful for PSK demodulation, inside the phase detector the RX and the LO signals are combined by a 3 dB directional coupler, and the resulting optical signal is converted in the electrical domain by one photodiode (single branch loop) or two balanced photodiodes (balanced loop). By this way the phase detector operation is performed. In order to use linear OPLL like PSK homodyne receiver, proper phase locking operations have to be guaranteed. For this reason, the transmitted signal containing the PSK data must include also a residual carrier, so the LO locks in quadrature to it, and, as a result, in phase to the data signal [1] . The residual carrier can be practically achieved by incomplete phase modulation (i.e., using a phase shift lower than 180˚). The simplest linear OPLL is a single branch OPLL [2] and early homodyne experiments were conducted implementing this configuration [3, 4] . The described phase detector is employed for the demonstration of our locking techniques based on sub-carrier modulation, presented in the following sections. The best linear OPLL is the balanced OPLL, which were originally proposed in [5] , and later used in many homodyne detection experiments [6] [7] [8] [9] . It includes two photodiodes that are interconnected so that, the signal difference between their photocurrents, drives the following transimpedance amplifier (TIA). This solution presents several advantages: it utilizes the optical power signal from both coupler output ports, and it tends to cancel the DC currents associated with the RX and the LO signals power. This approach permits to have a coherent optical receiver less sensitive to the local oscillator optical power fluctuations.
In a non-linear loop, no residual carrier is employed, so the overall RX signal optical power is useful for coherent demodulation operations. With respect to the linear-OPLL phase detector, the RX and the LO signals are combined by a 90° hybrid instead of 3 dB coupler, so the hybrid returns the in-phase combination on one output port, and the in-quadrature combination on the other output port [10, 11] . The in-phase combination output signal is converted into an electrical data signal by a photodetector or a couple of balanced photodetector; such a signal is proportional to the transmitted data. The in-quadrature combination output signal is converted into an electrical phase-lock signal by a photodetector or a couple of balanced photodetectors, and must be non-linearly processed in order to be used for phase locking operations. Two kinds of processing procedures are usually employed:
* The phase-lock signal is multiplied by the data signal; this approach is used in Costas loops architecture [10, [12] [13] [14] . * The phase-lock signal is multiplied by the recovered data; this approach is used in decision-driven loops architecture [11, 15] . Furthermore non-linear phase detector can be employed in the realization of quadrature phase shift keying (QPSK) coherent receivers [16, 17] .
The loop filter is the element that has to be correctly configured in order to have a properly working loop. Many publications, focused on loop filter design and its parameters settings, are present in the literature [1, 11] , so this argument will not be discussed in this paper.
The last element to take in consideration is the optical voltage controlled oscillator (OVCO), which is fundamental for the realization of an OPLL. It should generate an optical continuous wave (CW) signal whose frequency is controlled by an input voltage. Many [2, 3, 19] where slow frequency tuning is obtained by mounting one of the resonator mirrors on a piezoelectric element. Also in this case, such first control was too slow to follow fast frequency changes and an additional frequency control mechanism based on an acousto-optic modulator was implemented. * An external cavity semiconductor laser (ECL) was used as LO in [7] ; a LiNbO3 phase modulator was placed inside the cavity in order to obtain frequency modulation. First homodyne detection using ECLs was reported in [20] where frequency modulation is obtained by directly driving the two-electrode chip, corresponding to the anode and the cathode of the ECL laser. * The use of an acousto-optic modulator was re-proposed in [21] as an external modulator driven by an electrical VCO for tuning the frequency of a CW HeNe gas laser. The main disadvantage of the acousto-optical single-sideband modulation is the dead time on the order of 1 μs. * Diode pumped Nd:YAG lasers were employed as LO in [8, 22] ; frequency tuning was realized by installing a thin plate of piezoelectric material on the resonator. Such a slow tuning was fast enough for phase locking thanks to the excellent stability and narrow linewidth of the Nd:YAG lasers used. * Multi-electrode DFB lasers were examined in [23] ; with respect to a single-electrode DFB, multi-electrode DFB lasers respond to a frequency modulation with a reduced phase rotation. The phase rotation was proved to be limited to 36°, which is a small enough value for the OPLL stability. * The use of semiconductor laser with sub-carrier modulation for locking operations, have been proposed from the authors of this paper in [24] . The detailed explanation is presented in the follow sections.
The sub carrier optical phase locked loop technique
In this section, we analyze the Sub-Carrier Optical Phase Locked Loop Technique (SC-OPLL). The architecture is based on external modulation of a CW laser; the only requirement imposed to the optical source is that intensity and phase noises must be opportunely limited in order to guarantee good phase-locking performance. The great advantage of this technique with respect to the other ones described in the previous section is that frequency modulation does not introduce undesired phenomena such as spurious phase rotation or spurious amplitude modulation. Furthermore frequency tuning is as fast as tuning the electrical VCO included in the SC-OPLL, so high bandwidth OPLLs can be realized. In this technique, frequency tuning is obtained through optical Sub-Carrier (SC) generation and tuning, and will be indicated as SC-OPLL [24] [25] [26] .
SC-OPLL architecture
The SC-OPLL architecture is shown in Fig. 2 . The Optical Voltage Controlled Oscillator (OVCO) is the key-element and is based on a commercial Continuous-Wave (CW) external cavity tunable laser at frequency f 0 , that is externally amplitude modulated by the signal coming from an electrical VCO at frequency f VCO . By biasing the external Mach-Zehnder (MZ) optical amplitude modulator at a null of its transfer function, a sinusoidal carriersuppressed modulation is obtained. The resulting spectrum at the OVCO output is shown in Fig. 3 (a). Two main SCs at frequency f 0 ± f VCO are generated, with spurious optical tones at f 0 and f 0 ± 2⋅f VCO . Using one of the two main SCs, for example the one at f 0 -f VCO , we are able to tune an optical frequency by simply changing the voltage applied to the electrical VCO, thus implementing an OVCO. Actually, this is the key issue of the proposed architecture, that allows optical fine frequency tuning with the speed and stability of an electrical VCO, and thus to re-use typical RF PLL set-ups. In our case, a standard second-order PLL control circuit allows to lock f 0 -f VCO to the transmitted signal at frequency f TX (laser A in Fig. 2 ). When the OPLL is locked to f 0 -f VCO = f TX , optical homodyne is obtained, allowing to track the incoming optical signal frequency and phase. When the incoming signal is modulated, its optical spectrum is translated to base-band at the photodiode output. In principle, due to beating with the other SCs, copies of this signal appears also around frequencies f VCO and 2⋅f VCO , but they can be filtered out by the receiver filter, provided that f VCO is larger than the signal spectral width (or bandwidth). Other set-up details can be found in Fig. 2 . An active polarization controller matches the polarization of TX and LO signals before being combined by a 3dB coupler and sent to an amplified photodiode. The resulting electrical signal is processed by a single-pole active filter, in order to obtain a second-order PLL with natural frequency f 0 and damping factor ξ [1], which both depend on the loop filter parameters τ 1 =R 1 C and τ 2 =R 2 C.
SC-OPLL experimental set-up
The SC-OPLL architecture of Fig. 2 was implemented using two C-band commercial external cavity tunable lasers (having a declared linewidth smaller than 700 KHz), an electrical VCO with 100 MHz/V tuning coefficient and 6.2 GHz central frequency, and a 10 GHz LiNbO 3 optical amplitude modulator. Fig. 3(a) shows the spectrum measured at the OVCO output, while Fig. 3(b) shows the spectrum emitted by the ECL A of Fig. 2 . We obtained coarse (and slow) optical frequency tuning by changing the external cavity CW frequency, while fine (and fast) frequency tuning (i.e. phase locking operations) was obtained through our SC-OPLL principle.
The single side sub-carrier optical phase locked loop technique
In this section, we analyze the Single Side Sub-Carrier Optical Phase Locked Loop Technique (SS-SC-OPLL). This is a novel phase locking technique based on the use of sub-carrier modulation for frequency tuning, but with respect to SC-OPLL, in the SS-SC-OPLL only one sub-carrier is generated, so spurious beats are completely eliminated in the coherent demodulation operations. The architecture is based, like SC-OPLL, on commercial off-theshelf optoelectronic components and without the use of gas laser or solid state laser and without fast direct laser frequency tuning. The SS-SC-OPLL is based on a new concept of OVCO. The new OVCO is shown in Fig. 4 ; it includes an RF hybrid and a particular realization scheme of a QPSK modulator made by Avanex. This particular QPSK modulator is composed by two arms, where the optical carrier is modulated by two Mach-Zehnder intensity modulators (one for each arm). A phase shifter guarantees a fixed phase difference between the two optical signals in the two arms output. In order to explain the OVCO operation principle, the analytic signal notation is used to describe mathematically the optical signals present in the two QPSK modulator arms: The driving electrical signals applied to the two Mach-Zehnder modulators are given by: Where f O is the optical carrier frequency in input to the optical QPSK modulator, and f VCO is the frequency of the electrical VCO output signal v VCO (t).
SS-SC-OPLL architecture
The electrical device "RF Hybrid" is chosen in order to verify the following conditions:
In order to simplify the following analysis, the intensity modulators and the phase shifter are assumed to be linear with an infinite extinction ratio. The effects of the non-linearity and the limited extinction ratio will be discussed later. Thus, the resulting optical signal at the QPSK modulator output is given by: 
If f VCO is considered constant, the resulting signal e out (t) is a CW optical signal, whose frequency f' 0 = f 0 -f VCO , as shown in Fig. 3(c) . Since the electrical VCO frequency is controlled by the electrical input v c (t), the resulting optical frequency can be tuned by changing the voltage applied to the electrical VCO, thus implementing an OVCO. Actually, this is the key issue of the proposed architecture, which allows optical fine frequency tuning with the speed and stability of an electrical VCO.
Comparing the single-sideband modulation with respect to the double-sideband modulation, supposing to have the same optical power on the LO spectral component used for the demodulation operations, it is important to note that in the double-sideband we have twice shot noise contribution with respect to the other case.
SS-SC-OPLL experimental set-up
The SS-SC-OPLL architecture was implemented reusing the most of the components used for the SC-OPLL of Fig. 2 . The only differences consist on the OVCO shown in Fig. 4 , which includes an Avanex 20 GHz LiNbO 3 QPSK modulator and a 90° RF hybrid. The electrical VCO is the same used for the SC-OPLL realization. Fig. 3(c) shows the spectrum measured at the OVCO output, which still includes spurious spectral lines at frequencies f 0 , f 0 + f VCO and f 0 ± 2f VCO . Such tones are due to the components non-ideality characteristics; in particular the residual carrier still exists due to a non infinite extinction ratio, while the suppressed sub-carrier at frequency f 0 + f VCO can not be completely eliminated because we were not able to perfectly balance the signals in the two optical QPSK modulator arms. Furthermore the spectral lines f 0 ± 2f VCO are generated by the power drivers characteristic non-linearity, drivers placed after the RF hybrid in order to amplify the electrical signals applied to the QPSK modulator RF inputs. With our set-up, each spurious spectral line power level is at least 20 dB lower than the LO spectral component f 0 -f VCO , as shown in Fig. 3(c) . Such a suppression showed to be adequate in order to make the SS-SC-OPLL work properly.
SS-SC-OPLL allows coarse (and slow) optical frequency tuning, by changing the external cavity CW frequency, and fine (and fast) frequency tuning (i.e., phase locking operations) through its principle.
Experimental results on SC-OPLL and SS-SC-OPLL techniques
In order to demonstrate the performance of ours SC-OPLL and SS-SC-OPLL, we implemented both architectures of Fig. 2 and Fig. 4 , as described in the previous sections. Using the phase error estimation technique described in [8] , we measured the root-mean square (RMS) OPLL phase error when locked to a CW optical signal. The OPLL phase error can be measured vs. the OPLL natural frequency f n (which can be varied by changing the loop filter parameters while keeping ξ=0.7). For both OPLLs, the minimum phase error obtained by the described procedure is around 5 degree RMS, and was obtained for f n slightly higher than 3 MHz, as shown in Fig. 5 [24] . We verified by numerical simulation that the OPLL had a phase error close to the theoretical one, which is limited only by the intrinsic linewidth of the used optical sources. A 5-degree RMS phase error is perfectly acceptable for coherent transmission. For instance, it gives a penalty lower than 0.1 dB in a BPSK system [1] .
Note that the RMS phase error is both lasers linewidth and propagation loop time dependent; indeed appropriate values, in the design stage, have to be chosen in order to have RMS phase error lower than 5-degree, for addition information see [1, 11, 27] .
In order to further check systems performance, we ran a BPSK 2.5 Gbps transmission experiment with single-branch pilot carrier receiver based on SC-OPLL and SS-SC-OPLL, where the set-up is shown in Fig. 6 . The transmitter includes an external cavity tunable laser with the same LO laser characteristics. In order to transmit a residual carrier, an NRZ signal of 3.3 Vpp was applied to the phase modulator, which requires Vπ = 5 V in order to produce a 180˚ phase shift. Such a configuration generates a BPSK signal with ±59.4˚ modulation angle, by leaving a residual carrier containing almost 26 percent of the transmitted power.
The Amplified Spontaneous Emission (ASE) noise and the Variable Optical Attenuator (VOA) add a variable amount of optical noise to the transmitted optical signal, useful for performance characterization. This configuration allows changing the Optical Signal to Noise Ratio (OSNR), measured by an Optical Spectrum Analyzer (OSA) with a resolution bandwidth of 0.1 nm, and it also allows keeping the received signal power constant to -12 dBm at the coherent optical receiver input. The resulting BER, as a function of the received signal OSNR (defined over 0.1 nm bandwidth), is shown in Fig. 7 .
Discussion on SC-OPLL and SS-SC-OPLL experimental results
The analyzed SC-OPLL technique shows advantages in terms of simple realization set-up and on terms of using "off the shelf" optical components. The disadvantages of this technique are due to the use of only one of the two main sub-carriers as optical local oscillator (f 0 -f VCO ), so the other one remaining (f 0 + f VCO ) is a local oscillator spurious spectral component with the same power of the used one (f 0 -f VCO ), as shown in Fig. 3(a) . This local oscillator spurious spectral component introduces penalty in the coherent receiver operations, indeed only one main sub-carrier is used, so only half of the overall local oscillator power is employed.
The novel SS-SC-OPLL technique maintains the SC-OPLL advantages described above, besides it is not affected by the SC-OPLL local oscillator spurious spectral component (f 0 + f VCO ), as shown in Fig. 3(c) . Therefore, in the SS-SC-OPLL case, the overall LO optical power can be used for coherent demodulation and the beat between the optical noise and the spurious spectral component is eliminated, so SS-SC-OPLL presents approximately 3 dB better performance with respect to the SC-OPLL technique, as shown in Fig. 7 . Note that in our experiments, the performance is limited by ASE noise and the shot noise contribution generated in the two cases is different, but negligible in both cases.
About the SC-OPLL technique, the presence of the local oscillator spurious spectral Fig. 3(a) , limits the use of this receiver in WDM applications. Indeed, the local oscillator spurious spectral component introduces spurious beats between the received signal and the local oscillator, so if a WDM signal is used, some spurious beats may be present in the base-band where I expect to have only the channel to be demodulated. In order to use this technique for WDM applications, it is necessary to eliminate the in base-band spurious beats, filtering out the local oscillator spurious spectral component (f 0 + f VCO ). It can be obtained with very large spacing in frequency between the two sub-carriers (i.e. 40 GHz) and optical filtering. Note that very large spacing in frequency between the two sub-carriers means the use of an electrical VCO with very high central frequency (i.e. 40 GHz) [28] , obtaining more complex and expensive OVCO. The novel SS-SC-OPLL technique, eliminates completely the spurious beats because the local oscillator has no the spurious spectral component (f 0 + f VCO ), as shown in Fig. 3(c) . For this reason, it could be employed using an electrical VCO with low central frequency (i.e. f VCO = 1 GHz is enough to demodulate 2PSK @ 10 Gbps signal) and an optical QPSK modulator with modulation bandwidth approximately equal to the electrical VCO central frequency. Therefore the novel SS-SC-OPLL technique, with respect to the SC-OPLL one, permits the development of less complex and less expensive OVCO.
The theoretical limit for a SS-SC-OPLL based 2.5 Gbps BPSK System is OSNR =5.5 dB. So there is a 5 dB penalty in the realized coherent optical receiver. The causes of such a penalty are: pilot carrier method does not allow using the overall received optical power for data detection (1.3 dB penalty); LO carrier is not completely suppressed (0.4 dB penalty); the pilot carrier method is pattern dependent (1.3 dB penalty); we use a manual polarization controller for the experiment, so residual polarization misalignments may occur (1 dB penalty); finally the overall electrical filtering is not matched to the transmitted data pulse shape (1 dB penalty).
In order to reduce the overall penalty, it is possible to use a decision driven scheme at the receiver side, eliminating the pattern dependency and so avoiding the residual carrier at the transmitter side. Furthermore, it is possible to reduce the electrical filtering penalty by using optimized electrical filter (in the experiment we used naked optical receiver without any additional post-detection electrical filter). Finally, in order to reduce the penalty due to the residual polarization misalignment, it is possible to use automatic polarization controllers or a polarization-diversity optical receiver scheme [29] .
Indeed, the coherent optical receiver based on SC-OPLL or SS-SC-OPLL, may be also realized in a polarization-diversity scheme; the new architecture avoids the use of the polarization controller in input to the optical receiver, but increase the optical receiver complexity because it is necessary to use two identical optical receiver in order to demodulate the two polarizations.
Conclusion
We presented a short overview on Optical Phase locking techniques and a detailed description of the ones based on sub-carriers modulation. In particular, a novel Single Side Sub-Carrierbased Optical Phase Locked Loop (SS-SC-OPLL) has been presented and experimentally demonstrated. The novel SS-SC-OPLL technique, like the SC-OPLL technique, does not introduce undesired phenomena such as spurious phase rotation or spurious amplitude modulation and shows advantages in terms of simple realization set-up and on terms of using "off the shelf" optical components. Furthermore, the novel SS-SC-OPLL technique, with respect to SC-OPLL, presents approximately 3 dB better performance and could be also used in WDM applications using an electrical VCO with much lower central frequency (i.e. f VCO = 1 GHz is enough to demodulate 2PSK @ 10 Gbps signal), and an optical QPSK modulator with modulation bandwidth approximately equal to the electrical VCO central frequency. Therefore the novel SS-SC-OPLL technique, with respect to the SC-OPLL one, permits the development of less complex and less expensive coherent sub-systems, like OPLLs or coherent optical receivers.
